Abstract: An axisymmetric synthetic jet actuator based on a loudspeaker and five types of flanged nozzles were experimentally tested and compared. The first (reference) type of nozzle was a common sharp-edged circular hole. The second type had a rounded lip on the inside. The third nozzle type was assembled from these two types of nozzles-it had a rounded lip on the inside and straight section on the outside. The fourth nozzle was assembled using orifice plates such that the rounded lips were at both inner and outer nozzle ends. The last nozzle was equipped with an auxiliary nozzle plate placed at a small distance downstream of the main nozzle. The actuators with particular nozzles were tested by direct measurement of the synthetic jet (SJ) time-mean thrust using precision scales. Velocity profiles at the actuator nozzle exit were measured by a hot-wire anemometer. Experiments were performed at eight power levels and at the actuator resonance frequency. The highest momentum flux was achieved by the nozzle equipped with an auxiliary nozzle plate. Namely, an enhancement was approximately 31% in comparison with an effect of the reference nozzle at the same input power. Furthermore, based on the cavity pressure and the experimental velocity profiles, parameters for a lumped element model (mass of moving fluid and pressure loss coefficient) were evaluated. These values were studied as functions of the dimensionless stroke length.
Introduction
Synthetic jets (SJs) are fluid flows created by fluid pulsations and are formed in free space behind a nozzle [1] . The fluid is periodically pushed and pulled through the nozzle with one end exiting into a cavity. The source of the pulsations is an oscillating diaphragm that bounds one side of the cavity. The nozzle is the only inlet/outlet into/out of the cavity; therefore, the time-mean mass flux through the nozzle is zero. This is why SJs are often referred to as zero-net-mass-flux jets [2] . The momentum flux along the nozzle axis, however, is non-zero. It causes the flow to continue downstream of the nozzle exit, forming a jet flow similar to the continuous jet.
Since the end of the last century, SJs have been intensively investigated and many potential applications have been proposed. The applications have been found in boundary-layer separation control [3] [4] [5] [6] [7] [8] [9] jet vectoring [10, 11] , and heat transfer enhancement [12] [13] [14] [15] . A variant of the SJ, namely the non-zero-net-mass-flux jet (or hybrid SJ), has been investigated more recently [16] [17] [18] [19] .
For the synthetic jet actuators (SJA) based on elastic diaphragms (e.g., based on a loudspeaker or a piezoceramic membrane), when an energy balance is considered, the most advantageous operating conditions are found at resonance. Therefore, many studies focused on location and prediction of the SJ actuator resonance characteristics [20] [21] [22] [23] [24] [25] . With an SJ actuator operated at resonance, other ways to enhance the exploitable outlet quantities, such as the jet thrust, still exist.
A harmonically driven SJ can be quantified by two dimensionless parameters, which include the Reynolds number, Re, and the dimensionless stroke length, L 0 /D n . The definitions of these parameters are as follows:
where D n is the nozzle diameter of the SJA (see Figure 1a ,b and a description in Section 3.1), f is the driving frequency of the actuator's harmonic excitation, and ν is the kinematic viscosity of the working fluid. The characteristic time-mean velocity is denoted U 0 in Equation (1) and is defined in the next section.
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Synthetic Jet Integral Quantities
A basic integral quantity, upon which the Reynolds number and dimensionless stroke length are based, is the SJ characteristic velocity, U 0 . Assuming an axisymmetric SJ, the standard characteristic velocity is defined as follows [1] :
where T = 1/f is the excitation period, T E is the extrusion stroke duration, and u n is the fluid velocity at the nozzle exit cross-sectional area. The phase position of the velocity u n with respect to the time cycle origin is such that the inner integral of Equation (2) is positive for the whole integration interval (0, T E ). The indicated cylindrical coordinate system (x, r) is introduced in Figure 1a ,b.
The most important observed integral quantity is the SJ time-mean thrust, M 0 , with a magnitude that can be measured directly using precision scales. The experiment assumes a vertical, upward-issuing SJ, with an actuator placed on a precision scale. The action force related to the momentum flux is directed upward, and the reaction force (jet thrust) acting on the scale surface is directed downward and thus the jet thrust is measured. For particular measurement details, see Section 3.2.
Assuming that the velocity profiles are flat along the nozzle diameter (slug flow model) and the nozzle outlet velocity waveform is purely sinusoidal, the measured jet thrust can be used to evaluate the characteristic velocity, U 0 . Based on Equation (2), the velocity can be then approximated by the following formula [26, 27] :
where ρ is the working fluid density. The velocity U 0 obtained from Equation (3) was used to evaluate dimensionless stroke length according to Equation (1).
Parameters for Lumped Element Model
Lumped parameter models are often used to predict SJ outlet velocities or SJA optimized geometries [28] [29] [30] . Basic momentum equations of a SJA, which are based on lumped element approximation, have the following form [31] :
where m d is the diaphragm mass, K d is its spring constant, S d is the diaphragm effective cross-sectional area, B d is its damping and F(t) is the force, which excites the diaphragm oscillation. The diaphragm velocity and the velocity of the fluid inside the nozzle with cross-sectional area S n are denoted as u d and u n , respectively. The pressure difference between the cavity and ambiance is denoted as p c . The m n denotes the mass of the moving fluid inside and within the vicinity of the nozzle; ξ is the pressure loss coefficient across the cavity-nozzle-ambiance. These two parameters (m n and ξ) are unique for each of the tested nozzles and were obtained from measurements. Figure 1a shows a schematic view of the tested SJA that was operated with air as the working fluid (for fluid properties, see Table 1 ). The actuator was based on an Aurasound NS3-193-8A loudspeaker with a harmonically driven diaphragm producing pressure oscillations in the cavity. Five axisymmetric nozzles were tested as seen in Figure 1b . The narrowest diameter within each of the tested nozzles was consistently D n = 10.0 mm.
Measurement Methods
The Synthetic Jet Actuator
•
The first (reference) nozzle was assigned as nozzle A, which was a standard flanged and sharp-edged nozzle with length equal to diameter. From different point of views, such nozzle types were studied within [28] [29] [30] 32, 33] .
• Nozzle B was designed with an inner rounded lip having radius equal to the nozzle length; also, this type of nozzle was tested by other authors, see e.g., [32, 34, 35] .
Nozzle AB was a combination of the previous nozzles. Note that an experimental study of similar nozzle geometries was done, e.g., by Nani and Smith [32] .
The fourth nozzle was denoted as ABC (it consists of three nozzle plates A+B+C, see Figure 1a ) and had a special novel design with rounded lips at both inner and outer nozzle ends. A similar shape was tested by Lee and Goldstein [36] for a slot-type nozzle. However, this study's nozzle was circular and equipped with a small step at the end of the straight nozzle section. This step promoted flow separation and prevented flow reattachment during extrusion stroke.
The ABCD nozzle combined the design by Rylatt and O'Donovan [37] with the ABC nozzle. The nozzle contained an auxiliary outer nozzle-denoted as part D, see Figure 1a . The auxiliary nozzle had a greater diameter (12.0 mm) than D n = 10.0 mm and was placed 3.3 mm downstream from the exit of nozzle ABC, see Figure 1a . The rounded edge of the part D was oriented towards the actuator outlet, helping to direct the radially dispersed momentum flux along the x-axis.
During all experiments, the actuator was supplied with an electric current generated by an Agilent 33220A function generator and amplified by a homemade constant-gain-amplifier. More details of the experiment were presented in [38] . The experimental investigation was performed at eight input power levels between 0.13 and 2.26 W (for particular power values see Table 1 ). For each combination of the applied power and the nozzle geometry, the optimum driving frequency was first found with respect to a maximum jet thrust, which was then evaluated using a precision scale. 
Data Acquisition and Measurement Methods
Measurement of the Jet Thrust Using Precision Scales
Measurements of integral forces is a classical technique in experimental fluid mechanics. It has been employed since the turn of the 19th and 20th centuries in wind tunnel testing. Surprisingly, such measurements in SJ studies are rather rare yet.
Probably the first journal paper which described measurements of integral forces by precision scales for SJA design was presented by Trávníček et al. [39] . Another investigation, which was supported by this method, was presented by Kooijman and Ouweltjes [40] . The method was used by Broučková and Trávníček [26] and a reasonable agreement with the hot-wire velocity data was concluded. Another SJ measurement was performed by Trávníček and Broučková [41] for SJA with a bio-inspired actuator with an oscillating nozzle lip. Another investigation of SJs, which employed this method, was performed by Kordík and Trávníček [38] .
More recently, the limits and accuracy of this method have been quantified by means of an independent hot-wire measurement and spatial-temporal integration of velocity profiles [42] . It was concluded that the thrust measurements by means of a precision scale yield a very good evaluation of the characteristic velocity, momentum, and kinetic energy fluxes. Namely, the maximum deviations between experimental data obtained by this method and reference hot-wire data have been evaluated [42] :
• For relatively weak SJs at the dimensionless stroke length of L 0 /D n from 0.5 to 5 (i.e., including the vicinity of the SJ existence threshold), the maximum deviation is within ±5.4%.
•
For stronger SJs at L 0 /D n ≥ 5, the maximum deviation is only ±3.4%.
Following a detailed description of SJ measurements by precision scales [38, 42] , the SJA was placed on a Mettler Toledo PR8002 DR precision scale with nozzle directing the SJ upward. Before the actuator power input was turned on, the scale was reset. The chosen power input value was adjusted using a regulation loop driven by a personal computer. After adjustment of the power input and stabilization of the time-mean flow, the force (i.e., the seeming mass magnitude increase), due to the SJ time-mean momentum, was measured. The magnitude of SJ time-mean momentum was evaluated according to Newton's third law of motion as follows:
where m 0 is the value of the seeming mass due to the reaction force, and g is the magnitude of the gravitational acceleration, g = 9.80665 m/s 2 .
To check the desired power input into the actuator, the supplied electric current, i, and voltage, e, were acquired and sampled using an NI-PCI 6023E data acquisition device. The sampling frequency was 128·f, and the number of samples was 25,600.
The uncertainty of the jet thrust measurement method was evaluated in [38] : based on PR8002 DR precision scale resolution and data floating, the relative uncertainty of the measured thrust values is in the range of 2.8-6% (at 95% confidence level).
Hot-Wire and Cavity Pressure Measurements
Hot-wire measurement of the velocity profiles occurred at the narrowest neck of the tested nozzles. The velocity profiles were used here to evaluate the lumped model parameters. The velocity readings were measured using the hot-wire probe (55P16, DANTEC) and anemometer (MiniCTA 54T30, DANTEC). The experimental approach was as follows. The desired power level and frequency were tuned within the SJA, and the hot-wire probe was then placed at the nozzle outlet of the running actuator (the approximate probe position was x = 0.3 mm, for the coordinate system, see Figure 1a ,b). Afterwards, the probe was traversed along the nozzle diameter. At 17 discrete points, the hot-wire signal from the anemometer was sampled in an NI-PCI 6023E data acquisition device. The settings of data acquisition device were the same as during precision scale experiment, i.e., sampling frequency was 128·f, and the number of samples was 25,600.
Along with velocity data, electric current, i, voltage, e, cavity pressure, p c , and the temperature of the working fluid (air) were sampled. Temperature measurements using a fast-response Pt100 sensor (PT100-SMD0805) were used for the temperature correction of the hot-wire data (for details, see [38] ). The electrical inputs (i and e) were used to check and control the desired power input to the actuator.
The hot-wire probe calibration was completed within a velocity range of 0.15-50 m/s. The maximum relative uncertainty of a single velocity sample was less than 5% for velocities between 0.4 and 50 m/s. For very small velocities (0.15-0.4 m/s) the highest uncertainty was 17.0%. A more detailed description of the anemometer settings, probe calibration method, and uncertainty evaluation is available in [43] .
The SJA cavity pressure measurements were performed using a homemade system based on a calibrated 1/4 inch (6.35 mm) high-pressure microphone (type 40BH) with a nominal sensitivity of 0.4 mV/Pa. The microphone, with preamplifier (type 26AC), was embedded inside an enlarged PMMA block in the vicinity of the loudspeaker. The pressure readings along with the velocity profiles were used to evaluate the parameters m n and ξ for the lumped parameter model (see Equation (4) and Appendix A).
Experimental Results
Frequency Characteristics
In order to determine the optimum frequency at which the synthetic jet thrust was a maximum, the frequency characteristics were measured. Measurements were taken using a precision scale within the frequency range of 20-150 Hz for one selected power input: 1.02 W. The resultant curves can be seen in Figure 2 , where for each curve one peak indicates the maximum SJ thrust. The peak maxima are similar for each of the tested nozzle shapes. For A, ABC, and ABCD nozzles, the same optimum frequency was found of 55 Hz. In the case of the nozzle AB, the frequency with maximum thrust was 60 Hz and in case B it was 65 Hz (these frequencies are also summarized in Table 2 ). Note that all found optimum (or resonance) frequencies are very close to the natural frequency of the loudspeaker, which is around 68 Hz, and were used in the following experiments, where the input power was varied.
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Synthetic Jet Thrust Measurement
The synthetic jet thrust was measured for each nozzle at several input power levels defined in Table 1 . The obtained dependencies of the SJ momentum flux on the input power, P e , are plotted in Figure 3a . As expected, the curves show monotonically increasing trends. For better comparison of the nozzles, Figure 3b shows relative results with respect to reference nozzle A. With the help of Figure 3b , it can be concluded that the lowest momentum fluxes were achieved using nozzle A and the highest momentum fluxes were achieved with nozzle ABCD. Namely, nozzle ABCD caused a 29-33% enhancement of the momentum flux in comparison with the reference nozzle A. It can be also seen that the resultant momentum fluxes for nozzles A and B were similar, as well as for nozzles AB and ABC. The comparison of the curves in Figure 3b proved that the auxiliary nozzle in the ABCD arrangement was successful in directing the radially dispersed momentum flux. The radial dispersion of the fluid was supposedly caused by the outer nozzle fillet; i.e., nozzle part C.
Apart from that, during the suction stroke, the auxiliary nozzle prevented fluid suction in the axial direction and supported the radial direction. This resulted in a significant increase in the SJ momentum flux. The synthetic jet thrust was measured for each nozzle at several input power levels defined in Table 1 . The obtained dependencies of the SJ momentum flux on the input power, Pe, are plotted in Figure 3a . As expected, the curves show monotonically increasing trends. For better comparison of the nozzles, Figure 3b shows relative results with respect to reference nozzle A. With the help of Figure 3b , it can be concluded that the lowest momentum fluxes were achieved using nozzle A and the highest momentum fluxes were achieved with nozzle ABCD. Namely, nozzle ABCD caused a 29-33% enhancement of the momentum flux in comparison with the reference nozzle A. It can be also seen that the resultant momentum fluxes for nozzles A and B were similar, as well as for nozzles AB and ABC. The comparison of the curves in Figure 3b proved that the auxiliary nozzle in the ABCD arrangement was successful in directing the radially dispersed momentum flux. The radial dispersion of the fluid was supposedly caused by the outer nozzle fillet; i.e., nozzle part C.
Apart from that, during the suction stroke, the auxiliary nozzle prevented fluid suction in the axial direction and supported the radial direction. This resulted in a significant increase in the SJ momentum flux. 
Measurement of Velocity Profiles
The velocity profiles measured at Pe = 0.68 W and at the optimal (resonant) frequencies, quantified in Figure 2 , are shown for the tested nozzles in Figure 4a -e. It is well apparent that the shapes of velocity profiles of the nozzle A (Figure 4a) were markedly different than the profiles of the remaining nozzles. Namely, the boundary layer was much thicker than in the other cases. On the other hand, it was difficult to find a substantial difference in Figure 4b -e. One small difference is apparent for Figure 4b , which plots the results for nozzle B. The velocity profile approaching zero value seems to be slightly asymmetric in this case. This phenomenon can be caused by an unstable and sensitive boundary layer during a beginning of the suction stroke. Namely, a boundary layer separation from the nozzle sharp edge is developed and this effect is promoted by a divergent shape of B nozzle (divergent from the point of view of the suction flow towards the SJA cavity).
Comparing Figure 4c -e, another slight difference is noticeable for nozzle ABCD, where a bit higher velocities were measured than in remaining cases.
Evaluation of mn and ξ
Based on the measurements of cavity pressure variations and spatial integration of velocity profiles, the parameters mn and ξ were evaluated. The evaluation method is summarized in Appendix A and the results are shown in Figure 5a ,b. The mass of the moving fluid inside and outside a nozzle, mn, is plotted here in a dimensionless form. Namely, it is related to the mass of air inside the nozzle, mnn. The ratio mn/mnn is shown in Figure 5a as a function of the dimensionless 
Measurement of Velocity Profiles
The velocity profiles measured at P e = 0.68 W and at the optimal (resonant) frequencies, quantified in Figure 2 , are shown for the tested nozzles in Figure 4a -e. It is well apparent that the shapes of velocity profiles of the nozzle A (Figure 4a) were markedly different than the profiles of the remaining nozzles. Namely, the boundary layer was much thicker than in the other cases. On the other hand, it was difficult to find a substantial difference in Figure 4b -e. One small difference is apparent for Figure 4b , which plots the results for nozzle B. The velocity profile approaching zero value seems to be slightly asymmetric in this case. This phenomenon can be caused by an unstable and sensitive boundary layer during a beginning of the suction stroke. Namely, a boundary layer separation from the nozzle sharp edge is developed and this effect is promoted by a divergent shape of B nozzle (divergent from the point of view of the suction flow towards the SJA cavity).
Evaluation of m n and ξ
Based on the measurements of cavity pressure variations and spatial integration of velocity profiles, the parameters m n and ξ were evaluated. The evaluation method is summarized in Appendix A and the results are shown in Figure 5a ,b. The mass of the moving fluid inside and outside a nozzle, m n , is plotted here in a dimensionless form. Namely, it is related to the mass of air inside the nozzle, m nn . The ratio m n /m nn is shown in Figure 5a as a function of the dimensionless stroke length, L 0 /D n , where the stroke length, L 0 , was evaluated using Equations (1) and (3). The theoretical value of this ratio for a cylindrical hole is displayed with graphs in Figure 5a and this value, 1 + 8/(3π), reasonably agrees with the results for the cylindrical nozzle A. Furthermore, it was found out that relative to their volumes the nozzles (B, AB, ABC, ABCD) employed much less air into the motion than nozzle A and their ratios m n /m nn were very similar. It is also noticeable that all evaluated ratios m n /m nn had a very weak dependence on the dimensionless stroke length, L 0 /D n and, therefore, in a first approximation, they can be assumed constant.
Actuators 2018, 7, x FOR PEER REVIEW 8 of 13 stroke length, L0/Dn, where the stroke length, L0, was evaluated using Equations (1) and (3). The theoretical value of this ratio for a cylindrical hole is displayed with graphs in Figure 5a and this value, 1 + 8/(3π), reasonably agrees with the results for the cylindrical nozzle A. Furthermore, it was found out that relative to their volumes the nozzles (B, AB, ABC, ABCD) employed much less air into the motion than nozzle A and their ratios mn/mnn were very similar. It is also noticeable that all evaluated ratios mn/mnn had a very weak dependence on the dimensionless stroke length, L0/Dn and, therefore, in a first approximation, they can be assumed constant.
(e) Figure 4 . Velocity profiles measured by the hot-wire probe at the nozzle exits at input power of 0.68 W and the optimal (resonant) frequencies quantified in Figure 2 .
The pressure loss coefficients as functions of the dimensionless stroke length, L0/Dn, are displayed in Figure 5b . The results for nozzle A created a slightly increasing curve, which when compared to the results of Nani and Smith [32] showed a 15-27% difference. This could have been caused by several factors including: different evaluation methods-the method in [32] did not The pressure loss coefficients as functions of the dimensionless stroke length, L 0 /D n , are displayed in Figure 5b . The results for nozzle A created a slightly increasing curve, which when compared to the results of Nani and Smith [32] showed a 15-27% difference. This could have been caused by several factors including: different evaluation methods-the method in [32] did not include the optimization for m n ; different Reynolds number-as was mentioned at the beginning of the paper-the SJ is defined by the dimensionless stroke length and the Reynolds number. While the current Reynolds numbers were in the range of 2400-7100, the results from [32] were obtained at constant Reynolds number of 11, 100 . Surprisingly, the evaluated pressure loss coefficients for nozzle B were nearly identical to those found by Nani and Smith [32] , as seen in Figure 5b . Apart from that, the pressure loss coefficient for nozzle B appeared to be nearly independent of dimensionless stroke length, L 0 /D n . However, this was not true for the remaining cases (AB, ABC, and ABCD), where a slightly increasing trend with a constant rate was well apparent. The lowest pressure loss coefficients ≈ 1.0 were found for the configuration ABCD, at the lowest stroke lengths.
Actuators 2018, 7, x FOR PEER REVIEW 9 of 13 include the optimization for mn; different Reynolds number-as was mentioned at the beginning of the paper-the SJ is defined by the dimensionless stroke length and the Reynolds number. While the current Reynolds numbers were in the range of 2400-7100, the results from [32] were obtained at constant Reynolds number of 11,100. Surprisingly, the evaluated pressure loss coefficients for nozzle B were nearly identical to those found by Nani and Smith [32] , as seen in Figure 5b . Apart from that, the pressure loss coefficient for nozzle B appeared to be nearly independent of dimensionless stroke length, L0/Dn. However, this was not true for the remaining cases (AB, ABC, and ABCD), where a slightly increasing trend with a constant rate was well apparent. The lowest pressure loss coefficients ≈ 1.0 were found for the configuration ABCD, at the lowest stroke lengths. 
Conclusions
Five types of flanged nozzles for a SJA were tested. The first nozzle was a sharp-edged circular hole (nozzle A) and the second had a rounded shape (nozzle B). The third nozzle (AB) was a compound of both previous nozzles-its shape was rounded with a straight section at the nozzle exit. The next nozzle type had a special design with fillets at the inner and outer nozzle exits, with a small sharp step in the middle of the nozzle (case ABC). The last nozzle was assembled as the nozzle ABC but included an auxiliary outer nozzle placed slightly downstream from the nozzle ABC exit (the nozzle is denoted ABCD).
The investigated actuator that was based on a loudspeaker and worked at resonance was tested at several power inputs. The investigation of SJ momentum flux was based on the thrust measurements with a precision scale. It was found out that the highest momentum flux was achieved with original nozzle designs (ABC and ABCD) over the entire power input range. Namely, the nozzle ABCD caused a 29-33% enhancement of the momentum flux in comparison with the reference (common, sharp-edged) nozzle A. The velocity profiles were measured using hot-wire anemometry. The comparison of the velocity profiles revealed that the profiles of nozzles B, AB, ABC, and ABCD had very similar shapes, which differed from case A, where thicker boundary layer was present.
Furthermore, a method for evaluating the moving fluid mass and pressure loss coefficient was introduced. The method was based on known velocity and pressure waveforms and on the momentum equation for fluid inside a nozzle. On the basis of the method, the moving fluid mass and the pressure loss coefficient were observed as functions of dimensionless stroke length. It was 
Furthermore, a method for evaluating the moving fluid mass and pressure loss coefficient was introduced. The method was based on known velocity and pressure waveforms and on the momentum equation for fluid inside a nozzle. On the basis of the method, the moving fluid mass and the pressure loss coefficient were observed as functions of dimensionless stroke length. It was revealed that the ratio of the moving fluid mass and the mass of air volume inside the nozzle was nearly independent of the dimensionless stroke length. The pressure loss coefficient, ξ, and moving fluid mass, m n , were obtained from the least-square-fit on the experimental data, similarly to Persoons [29] , or to Persoons and O'Donovan [28] , whose method was later used by Nani and Smith [32] . Unlike Persoons [29] , who fits the parameters at different SJA driving frequencies, the momentum Equation (4) was used here as the criterion to be satisfied at each time instant of a measured velocity sample. The second difference from the Persoons method was that the current approach is not limited by assumption of harmonic shapes in the velocity and pressure waveform. The third difference was the fact that the nonlinear term of minor losses is not linearized here. These differences make the suggested method slightly more general.
The proposed parameter fitting was based on the momentum equation for fluid motion inside the nozzle only. This is the second equation in Equation (4), which can be rewritten in the following matrix form:
where the overlines above velocities denote spatial averaging. Equation (A1) can be extended for set of velocity, u n , and pressure, p c , samples acquired during the driving period as follows: 
The velocity derivatives, .
u n,1 , in Equation (A2) were obtained using numerical derivation of the velocity waveform evaluated from Equation (A3).
The system of Equation (A2) is overdetermined and only an approximate solution can be found. Moore-Penrose matrix inversion allows us to find such solution that corresponds to the least-square-fitting. Hence, the parameters ξ and m n , were solved as follows:
where the index T denotes the operation for matrix transposition and the index −1 denotes the matrix inversion operation.
